The effect of applied axial and radial thermal gradients and an axial static magnetic field on the macrosegregation profiles of Bridgman-grown GeSi alloy crystals has been assessed. The axial thermal gradients were adjusted by changing the control setpoints of a seven-zone vertical Bridgman furnace. The radial thermal gradients were affected by growing samples in ampoules with different thermal conductivities, namely graphite, hot-pressed boron nitride (BN), and pyrolytic boron nitride (PBN). Axial macrosegregation profiles of these samples fell between the predictions for a completely mixed melt and one where solute transport is dominated by diffusion. All of the samples were grown on Ge seeds. This resulted in a period of free growth until the Si concentration in the solid was in equilibrium with the Si concentration in the liquid. The length of crystal grown during this period was inversely proportional to the applied axial thermal gradient. Several samples were grown in an axial 5 Tesla magnetic field. Measured macroscopic segregation profiles on these samples indicate that the magnetic field did not, in general, reduce the melt flow velocities to below the growth velocities.
INTRODUCTION
Interest in the growth of GeiSi mixed crystals has resulted, in part, from their potential as a material for a number of device applications (for a review see Schilz and Romanenko1) . The Ge-Si solid solution is mutually miscible and variation of the composition allows for tailoring of the bandgap. However, bulk growth of these alloys is mitigated by the large separation between the solidus and liquidus curves in the GeiSi phase diagram. The Ge-rich side of this diagram, from data reported by Stöhr and KIemm2 and Hassion et al. 3 , is shown in Fig. 1 . Strong segregation during growth results in compositional variations which change the solidification temperature throughout the solidification process.
In order to provide bulk crystals that are technologically useful, it is in general necessary to produce GeiSi alloys which are compositionally homogenous. However, during vertical Bridgman crystal growth, inevitable radial thermal gradients can lead to thermal convection. If compositional variations in the liquid are present, which are difficult to avoid because of the strong segregation, thermosolutal convection can also occur. These driving forces of convection can result in compositional inhomogeneities in the grown material, such as microsegregation phenomena resulting in striations. Previous work on the growth of GeiSi by the vertical Bridgman technique has sought to understand and minimize these convection effects, and to produce crystals where solute transport is dominated by diffusion48. Rouzaud et al.4 minimized radial thermal gradients by applying a constant axial thermal gradient along the length of the ampoule. Despite the continued presence of radial thermal gradients, macrosegregation profile analysis indicated that mass transfer in the liquid was dominated by diffusion. More recently, Dahlen et al.6 also obtained a macrosegregation profile characteristic of pure diffusive transport. These authors concluded that longitudinal solutal gradients present during growth greatly reduced the convective motion induced by radial thermal gradients. In contrast, Helmers et al.7 grew crystals that had axial macrosegregation profiles close to that of a completely mixed melt. They concluded that the radial thermal gradients, and subsequently the horizontal thermal Rayleigh numbers (RaT), were much higher in their experiments than in those of Rouzaud et a!. ,and above a critical value of RaT upon which the flow intensity makes a step change. In this paper we report on crystal growth experiments of Ge095Si005 by the vertical Bridgman technique. Macrosegregation profiles and microstructure are examined as a function of two primary processing parameters. The first of these is the radial thermal gradient. This was affected by growing samples in ampoules with different thermal conductivities. The second primary processing parameter is the application of a 5 Tesla coaxial magnetic field. A static magnetic field interacts with an electrically conducting melt via the Lorentz force and has been previously found in other semiconductor alloy systems9' 10 to significantly reduce convective melt velocities.
EXPERIMENTAL PROCEDURE
A sketch of the ampoule configuration is shown in Fig. 2 . Graphite, boron nitride (BN) or pyrolitic boron nitride (PBN) was used as the tube material. The tubes were 15 cm long with an inner diameter of 8 mm. A tightly-fitting graphite pedestal at the bottom of the tube was in good thermal contact with the bottom of a <100> Ge seed. Ge and Si ingots were placed on topof the Ge seed with a stochiometry resulting in a melt with approximately 5 at.% Si concentration. At the top of the tube a BN plug was placed to help prevent surface tension driven convection. The ampoule was placed inside an alumina cartridge and the processing environment was either Ar or Ar diluted with 3-4% H2.
The furnace consisted of seven separately controllable zone heaters. In addition, an adiabatic zone could be optionally inserted. The furnace fit inside and was coaxial with a superconducting magnet capable of generating fields up to 5Tesla. A more detailed description of the facility can be found in reference 1 1 . The cartridge and ampoule were fixed in position with respect to the magnetic field and the furnace translated over the cartridge. The experimental processing parameters are shown in Table 1 . Two types of thermal profiles were used. A linear profile indicates that the applied temperature had a constant gradient along the entire length of seed and melt. This type of thermal profile has been previously described4 as being able to significantly reduce one possible cause of radial thermal gradients, namely an inward heat flux from the hot zone of the furnace into the upper part of the melt. A classical nonlinear thermal Bridgman profile was also used, one where the relatively small gradients in the hot and cold zones of a furnace are separated by an adiabatic zone where the gradient is steeper.
Processing of the samples was begun by first lowering the furnace over the sample until 1-2 cm of the Ge seed remained. The furnace was held at that position for about 72 hours. During this period the Si dissolved in the molten Ge and diffused or convected down to the solid-liquid interface. Solidification occurred as long as the Si concentration in the solid was not in The grown crystals were cut lengthwise and then polished. The axial and radial concentration profiles were measured by microprobe and energy dispersive x-ray (EDX) spectroscopy. The microstructure was analyzed qualitatively by differential interface microscopy. 
RESULTS AND DISCUSSION
Axial segregation profiles are shown in Fig. 3 . In each of the profiles, there is a steep increase in Si concentration adjacent to the Ge seed. This is the period of free growth described in the previous section. The sudden drop in Si concentration from its maximum value indicates where furnace translation begins. The variation in ampoule materials or the application of a 5 Tesla magnetic field do not appear to produce a large and consistent effect on the profiles. However, the two samples processed at the higher furnace translation rate of 0.8 pin/s have a much larger region of uniform Si concentration. This is perhaps a result of the fact that the ratio of the flow velocities in the melt to that of the growth velocity has decreased. The Ge-rich boundary layer in front of the interface does not have sufficient time to mix with the bulk of the melt. The data points near the end of sample GS9803 in Fig. 3 
where G is the axial temperature gradient in the melt, V is the growth rate, m is the slope of the liquidus curve for the concentration of Si in the liquid at the interface, and D is the solute diffusion coefficient. However, substitution of the GS9803 processing parameters and the Ge-Si thermophysical property parameters into this one-dimensional equation indicates that the criteria was not violated during the growth of this sample. Figure 4 shows the axial segregation profile of sample GS976. In addition to the experimental data, the figure also shows a complete mixing curve, determined from the Pfann relation, and data from a one-dimensional diffusion model. The diffusion model is based on one initially developed by Clayton et 15 Table 1. in the interface temperature, segregation coefficient, and growth velocity with composition. It also takes into account the finite length of the ampoule. The present model simply substitutes the phase diagram data of Ge-Si for that of HgCdTe. It can also be seen in Fig. 4 that the initial transient region of the profile is much better fit by the diffusion model than by the complete mixing model. This behavior is generally true for all of the axial composition profiles measured. One possible explanation for this is that at the beginning of growth a Si-poor diffusion boundary layer has not yet been established. When a diffusion boundary layer is established, radial solutal gradients can significantly increase. The increased radial solutal gradients contribute to thermosolutal convection which causes mixing in the melt. A two-dimensional contour plot of Si concentration is shown in Fig. 5 for sample GS9803. The Si concentration is 0 at the Ge seed and increases to a maximum value of 26 at% at the soak position. This is the translationless free growth period described earlier. The radial Si concentration gradient is much less during this period than when the furnace is translated. During the initial phase of furnace translation, as Si is preferentially incorporated into the solid, the radial Si concentration gradient increases. Figure 6 shows a composite optical micrograph of sample GS9804. The micrograph is typical of the samples analyzed. The meitback position is clearly visible, as are striations which diminish in intensity further from the Ge seed. The soak position, which is not clearly visible, occurs at the maximum Si concentration and is where the sample is cracked. The sample is a single crystal from the Ge seed until a few millimeters past the soak line. This was also true for all of the other samples analyzed with the exceptions of GS9902 and GS973. Sample GS973 was grown in a graphite ampoule. The striations observed in GS973 had a higher degree of radial concavity than the other samples, and nucleation of additional grains occurred before the soak position was reached. In all of the samples, single crystallinity ceased a few millimeters into the part of the ingot grown as a result of furnace translation. Also, several of the samples broke at the soak position during post-growth processing. A possible cause of this could be the rapid change in Si concentration and subsequent rapid change of the lattice constant during this initial period of growth.
Sample GS9902 was grown in order to further investigate the free growth period which occurs between the meitback and soak positions. The applied temperature gradient was 10 C/cm and the other processing conditions can be found in Tablel. Figure  7 shows the free growth period of sample GS9902. In addition to the experimental data, a model curve is shown. The curve is simply C(T(x)), where T(x) is the thermocouple temperature data obtained from the actual growth experiment, and C(T) is the equilibrium Si concentration expected from the solidus curve of the Ge-Si phase diagram. The good fit to the experimental data indicates that simply controlling the applied thermal gradient during this growth mechanism may provide a way of producing crystals of Ge1Si with graded composition. Bulk crystals of GeiSi with graded composition have been shown to be useful materials as monochromators to select or analyze energy in neutron and x-ray scattering16. However, the sample GS9902 did not remain single crystal until the end of the free growth period. Clearly, a constitutional supercooling criterion exists which will depend on the Ge-Si phase diagram, the applied thermal gradient, and the initial placement of the Ge and Si starting material. Theoretical assessment of such a criterion is currently under investigation. This result is not inconsistent with recent numerical simulations which indicate that a static magnetic field of greater than 6 T would be required to reach the diffusion controlled limit17.
